Introduction 44
All pathogens studied to date form persisters, dormant variants of regular cells 45 which are tolerant to killing by antibiotics. The ability to produce persisters explains the 46 puzzling recalcitrance of chronic infections to antibiotics that are effective against the 47 9 showed inhibition of growth was interpreted as the MIC. All MIC assays were repeated 159 at least twice in triplicate. 160
161

Results 162
Characterization of B. burgdorferi Persisters 163
The presence of persisters is indicated by a biphasic killing pattern in a time-164 dependent killing experiment. The bulk of the population is rapidly killed, followed by a 165 slower rate of death in a subpopulation of tolerant cells [29, 30] . In order to determine 166 whether B. burgdorferi forms persisters, time-dependent killing experiments were 167 performed with antibiotics commonly prescribed to patients with Lyme disease. 168
Doxycycline is a bacteriostatic protein synthesis inhibitor; amoxicillin and ceftriaxone 169 inhibit bacterial cell wall synthesis and are bactericidal for many bacteria. Minimum 170 inhibitory concentrations (MICs) of doxycycline, amoxicillin, and ceftriaxone were 171 determined ( Table 1) . Levels of antibiotics close to what is achievable with standard 172 clinically prescribed treatment dosing were chosen to evaluate persister formation in B. 173 burgdorferi, and we used colony forming unit (cfu) count to determine viability. 174 Amoxicillin (6 µg/ml, 100X MIC) and ceftriaxone (3 µg/ml, 300X MIC) at clinically 175 achievable levels killed the majority of cells in the first day, after which a slow phase of 176 death followed for the next 6 days ( Figure 1a ). This characteristic biphasic pattern of 177 killing is consistent with the presence of drug-tolerant persister cells. 178
Previous studies have shown that the persister fraction in other bacteria remains 179 relatively unchanged even as the antibiotic level increases. We sought to determine if B. 180 burgdorferi persisters behaved similarly in a dose-dependent killing experiment. As the 181 concentration of amoxicillin and ceftriaxone increased, the fraction of surviving cells 182 remained largely unchanged (Figures 1b-c) . Doxycycline is a bacteriostatic antibiotic, 183 but at higher concentrations appeared to effectively kill B. burgdorferi (Figure 1d) from a growing culture were removed over time, exposed to a lethal dose of antibiotic 191 for 5 days, and then plated for cfu. There was a characteristic dip in persister levels in 192 the early log phase, which is probably due to the resuscitation of dormant cells carried 193 over from the inoculum (Figure 2 ). At mid-log phase, there is a sharp increase in 194 persister levels, which continues as the density of the culture rises. In E. coli, once the 195 culture reaches stationary state, complete tolerance is achieved for β-lactams that only 196 kill growing cells [34] . In B. burgdorferi, we observe a very different picture -both 197 amoxicillin and ceftriaxone kill stationary cells fairly well, yet the fraction of persisters 198 continues to increase. One possibility is that this "stationary" culture actually represents 199 a steady state where some cells die and others grow. Another compound that depends on a reductive environment for action is the 264 prodrug mitomycin C. Upon entering the cell, mitomycin C is reduced into an active drug 265 which then forms covalent adducts with DNA [46] . Originally discovered in a screen for 266 antibiotics, mitomycin C is now used as an anticancer agent. Cancers often create a 267 microaerophilic environment, which, together with rapid cell division, accounts for the 268 relatively selective action of mitomycin C against them. Functional RecBC and RecFOR 269 pathways are required to repair DNA damaged by mitomycin C in E. coli [46] . 270
Interestingly, according to genomic data, B. burgdorferi lacks the genes of the RecFOR 271 pathway [47], further suggesting vulnerability to this compound. 272 hours, with no detectable persisters remaining (Figure 6a ). This was observed with a 274 low, clinically achievable dose of the compound -1.6 µg/ml, or 8X MIC. In a dose-275 dependent experiment, eradication of a late exponential culture was achieved within 5 276 days with a 0.8 µg/ml (4X MIC) dose of the compounds (Figure 6b) . Finally, mitomycin 277 C was tested against a stationary culture of B. burgdorferi. Surprisingly, eradication was 278 achieved with a low dose of 4X MIC within 24 hours (Figure 6c ). It appears that a 279 stationary population is more susceptible to this compound than an exponentially 280 growing one. 281 282 Pulse-dosing. Apart from identifying compounds capable of killing persisters, it may also 283 be possible to eliminate them with conventional bactericidal antibiotics using pulse-284 dosing. Based on our results, the level of persisters is lowest during early exponential 285 growth (Figure 2) . We reasoned that allowing growth to resume and then re-treating 286 them as they enter exponential phase could kill persisters surviving an antibiotic 287 challenge. Eradication of the culture could then be achieved after several rounds of 288 killing and regrowth. To test this, a culture of B. burgdorferi was exposed to amoxicillin 289 or ceftriaxone. The surviving persisters were allowed to resuscitate for a short period of 290 time in fresh media, and then exposed to antibiotic again for a second round of killing. 291
Persisters were substantially diminished after four rounds of killing with amoxicillin, and 292
were eradicated below the limit of detection after four rounds of killing with ceftriaxone 293 (Figure 7) . Additionally, we found that a ceftriaxone solution stored under experimental 294 conditions (in BSK-II media at 34 o C, 3% O 2 , 5% CO 2 ) does not lose activity, as 295 measured by MIC against B. burgdorferi, for up to 20 days. The activity of amoxicillin 296 measured similarly, however, dropped 20-fold over 20 days which suggests degradation 297 over time. The resulting MIC was still lower than the concentration used in killing 298
experiments. This pulse-dosing experiment shows that a population of the pathogen can 299 be eradicated with conventional antibiotics commonly used to treat the disease. We recently described efficient killing of persisters in S. aureus [42] and in E. coli 364
[45], and tested these compounds against B. burgdorferi. ADEP4, an activator of the 365
Clp protease, causes massive protein degradation in S. aureus, killing regular cells and 366 persisters. However, ADEP4 was not active against B. burgdorferi. We also reported 367 that nitrofuran prodrugs are effective in killing E. coli persisters. Nitrofurans are reduced 368 by bacterial nitroreductases into generally reactive compounds, explaining their activity 369 against persisters. Nitroreductases are expressed under anaerobic or microaerophilic 370 conditions. B. burgdorferi is a microaerophilic organism, but does not have obvious 371
homologs of a nitroreductase, and nitrofurans we tested were fairly inactive. 372
We also tested daptomycin, a lipopeptide that acts by increasing K + permeability 373 of the membrane. Being in a low-energy (microaerophilic) environment, the pathogen 374 
